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Background: IFITM3 is a protein of the innate immune system that inhibits viral infections.
Results: S-palmitoylation enhances IFITM3membrane affinity and antiviral activity, whereas ubiquitination decreases endoly-
sosome localization and antiviral activity.
Conclusion: IFITM3 is dually and opposingly regulated by posttranslationalmodifications, and study of thesemodifications has
led to an unpredicted intramembrane topology model.
Significance: Understanding modes of IFITM3 regulation is critical for dissecting molecular mechanisms controlling viral
inhibition.

The interferon (IFN)-induced transmembrane protein 3
(IFITM3) is a cellular restriction factor that inhibits infection by
influenza virus and many other pathogenic viruses. IFITM3 pre-
vents endocytosed virus particles from accessing the host cyto-
plasm although little is known regarding its regulatory mecha-
nisms. Here we demonstrate that IFITM3 localization to and
antiviral remodeling of endolysosomes is differentially regulated
by S-palmitoylation and lysine ubiquitination. Although S-palmi-
toylation enhances IFITM3membrane affinity and antiviral activ-
ity, ubiquitination decreases localization with endolysosomes and
decreases antiviral activity. Interestingly, autophagy reportedly
inducedby IFITM3expression is alsonegatively regulatedbyubiq-
uitination. However, the canonical ATG5-dependent autophagy
pathway is not required for IFITM3 activity, indicating that virus
trafficking from endolysosomes to autophagosomes is not a pre-
requisite for influenza virus restriction. Our characterization of
IFITM3 ubiquitination sites also challenges the dual-pass mem-
branetopologypredictedfor thisprotein family.Wethusevaluated
topology by N-linked glycosylation site insertion and protein lipi-
dationmapping in conjunctionwith cellular fractionation and flu-
orescence imaging. Based on these studies, we propose that
IFITM3 is predominantly an intramembrane protein where both
the N and C termini face the cytoplasm. In sum, by characterizing
S-palmitoylation and ubiquitination of IFITM3, we have gained a
better understanding of the trafficking, activity, and intramem-
brane topology of this important IFN-induced effector protein.

Type I interferons (IFNs) are cytokines that activate host
pathways to inhibit the replication of viruses (1). Highlighting
the importance of this innate system of defense, humans defi-
cient in components of type I IFN signaling are particularly

vulnerable to viral disease (2). IFNs limit viral infections
through the induction of hundreds of IFN-stimulated genes,
but the antiviral mechanism(s) formany of these genes remains
to be determined (3–7). The IFN-induced transmembrane
(IFITM)2 protein family was recently shown to mediate a sig-
nificant portion of the IFN-associated response. Murine
embryonic fibroblasts (MEFs) deficient in IFITM3 were more
readily infected with influenza virus before and particularly
after treatmentwith IFN�when comparedwithwild type (WT)
MEFs (8). Likewise, IFITM3 knock-out mice and humans pos-
sessing specific IFITM3 genemutations aremore susceptible to
disease caused by influenza virus (9). In addition, overexpres-
sion studies have shown that IFITM3 also inhibits many other
pathogenic viruses including hepatitis C virus, dengue virus,
West Nile virus, vesicular stomatitis virus, human immunode-
ficiency virus (HIV), and severe acute respiratory syndrome
(SARS) virus (7, 8, 10–13). A commonality among IFITM3-
inhibited viruses has emerged in that all of these viruses are able
to enter cells via endocytosis. Likewise, themultitude of viruses
that are inhibited and the variability in their individual proteins
suggests that a generalmechanism rather than a direct IFITM3/
virus protein interaction mediates antiviral activity.
The molecular mechanism by which IFITMs restricts virus

infection is still unclear, but additional experiments have sug-
gested that themost active isoform, IFITM3, does not block the
binding or entry of vesicular stomatitis virus (12), influenza
virus (11, 14), or hepatitis C virus (7) into host cells but prevents
deposition of viral contents into the cytosol (14). IFITM3
expression has also been described to expand acidic cellular
compartments (11) that stain positive for endolysosomal and
autophagosomal markers, LAMP1, Rab7, and LC3 (14). Inter-
estingly, incoming influenza virus colocalizes with this acidic
compartment and IFITM3 and is eliminated by 6 h post-infec-
tion. These observations suggest that IFITM3 induces a degra-
dative compartment unique from the acidified endosomes
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where viruses typically fuse with host membranes to deliver
their contents into the cytosol for replication (14).
Our previous palmitoylome profiling studies revealed that

IFITM3 is S-palmitoylated on three membrane proximal cys-
teine resides (10). An IFITM3mutant lacking all three S-palmi-
toylation sites exhibited amore diffuse cellular staining pattern
and significantly diminished antiviral activity, suggesting that
correctmembrane positioning of IFITM3 is critical for its func-
tion (10). Here we demonstrate that IFITM3 is also ubiquiti-
nated on conserved lysine residues that are important for reg-
ulating its stability, endolysosomal localization/alteration, and
antiviral activity. The mapping of IFITM3 ubiquitination sites
also challenged its predicted membrane topology and revealed
that theN andC termini of IFITM3 are predominantly oriented
toward the cytosol.Our results collectively suggest that IFITM3
is an intramembrane protein that is targeted to endocytic vesi-
cles by S-palmitoylation in the absence of ubiquitination. Both
of these posttranslational modifications strongly regulate the
antiviral activity of IFITM3 and have provided new insight into
its mechanism of action.

EXPERIMENTAL PROCEDURES

Cell Culture, Transfections, and Western Blots—HeLa cells,
HEK293T cells, HEK293 cells stably expressing GFP-LC3 (pro-
vided by Sharon Tooze, Cancer Research UK), DC2.4 cells, and
WT and ATG5�/� MEFs (provided by Noboru Mizushima,
Tokyo Medical and Dental University) (15) were grown in
DMEM supplemented with 4.5 g/liter D-glucose, 110 mg/liter
sodium pyruvate, and 10% FBS (Gemini Bio-Products) at 37 °C
in a humidified incubator with an atmosphere of 5% CO2. Cel-
lular fractionation experiments were performed using freshly
harvested cells and the Qiagen Qproteome Cell Compartment
Kit followed by acetone precipitation and loading of 20 �g of
protein per lane for SDS-PAGE. For microscopy experiments,
cells were grown in 12-well plates on glass coverslips to �50%
confluence and transfected with 1 �g of the indicated plasmids
per well using Lipofectamine 2000 (Invitrogen). For Western
blotting, cells were grown on 6-well plates to �90% confluence
and transfected with 2 �g of the indicated plasmids per well
using Lipofectamine 2000. The pCMV-H�-IFITM3 construct
has been described previously (10) Primers for generation of
HA-IFITM3-Palm� were previously described (10), and
primers used to generate IFITM3 lysine mutants, the myris-
toylation/prenylation mutant, and glycosylation site inser-
tion mutants are listed in supplemental Table 1. pSELECT-
GFP-LC3 was purchased from Invivogen. Plasmids encoding
GFP-Rab5, GFP-Rab7, and LAMP1-GFP have been previ-
ously described (16, 17) and were kindly provided by Julia
Sable (The Rockefeller University, New York). For retroviral
transduction of MEFs, IFITM3-HA coding sequence was
cloned into pRetroX-IRES-ZsGreen1 (Clontech) using BglII
and BamHI restriction sites. IFN�2 was purchased from
eBioscience and used at a concentration of 0.1 �g/ml.
Ambion Silencer Select predesigned and validated control
and IFITM3 siRNAs were purchased from Invitrogen and
were transfected into MEFs using RNAiMax transfection
reagent also from Invitrogen.

ForWestern blotting, cells were lysed with Brij 97 buffer (1%
Brij 97, 150 mM NaCl, 50 mM TEA, pH 7.4). Western blotting
was performed with anti-HA antibody (Clontech, 631207) at
1:1000. ForWestern analysis of GFP-LC3, anti-GFP (Clontech,
JL-8) at 1:1000 was used. Anti-GAPDH (Abcam, ab70699),
anti-calnexin (Abcam, ab22595), anti-IFITM3 (Abcam,
ab15592), and anti-ubiquitin (Covance) were also used at
1:1000 dilutions. Immunoprecipitations were performed using
anti-HA-conjugated agarose (Sigma).
Infections, Fluorescence Microscopy, and Flow Cytometry—

Influenza virus A/PR/8/34 (H1N1) was propagated in 10-day
embryonated chicken eggs for 40 h at 37 °C and titrated using
Madin-Darby canine kidney cells. Cells were infected at a mul-
tiplicity of infection of 2.5 for 6 h before fixation and staining.
For Salmonella typhimurium infections, strain IR715 was used,
and infectionswere performed as previously described (18). For
both flow cytometry andmicroscopy, cells were fixed with 3.7%
paraformaldehyde in PBS for 10 min followed by a 10-min per-
meabilization with 0.2% saponin in PBS and a 10-min blocking
step with 2% FBS in PBS. Cells were stained using anti-HA
anti-antibody (Covance, clone 16B12) directly conjugated to
Alexa-488, -555, or -647 using kits for 100 �g of antibody avail-
able from Invitrogen. Anti-NP (Abcam, ab20343) was directly
conjugated to Alexa-647 using a similar kit. Likewise, anti-myc
(Clontech, 631206) was conjugated to Alexa-488. All conju-
gated antibodieswere used at a 1:200 dilution in 0.2% saponin in
PBS for 30 min at room temperature for both microscopy and
flow cytometry. Anti-calreticulin (Abcam, ab2907) was used at
a 1:1000 dilution followed by a goat anti-rabbit secondary con-
jugated to Alexa-488 (Invitrogen). TOPRO-3 (Invitrogen) was
used at a 1:1000 dilution in PBS for 10 min to stain nuclei as a
final step in some experiments before glass slide mounting in
ProLong Gold Antifade Reagent (Invitrogen).
Metabolic Labeling with Chemical Reporters and MS/

MS—Cells weremetabolically labeled for 2 h with 50 �M alk-16
or for 4 hwith alk-12 or alk-FOH inDMEMsupplementedwith
2% charcoal filtered fetal bovine serum (Omega Scientific).
Cells were lysed with 1% Brij buffer (0.1 mM triethanolamine,
150 mM NaCl, 1% Brij97, pH 7.4) containing EDTA-free prote-
ase inhibitor mixture (Roche Applied Science). Proteins were
immunoprecipitated and subjected to click chemistry reactions
containing 100�M azido-rhodamine (az-Rho), 1mM tris(2-car-
boxyethyl)phosphine hydrochloride (TCEP), 100 �M tris[(1-
benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA), and 1 mM

CuSO4�5H2O. In-gel fluorescence scanning was performed
using a Typhoon 9400 imager (Amersham Biosciences) (exci-
tation 532 nm, 580-nm detection filter).
LC-MS/MS analysis was performed on immunoprecipitated

HA-IFITM3 peptides recovered from trypsin-treated gel slices
with a Dionex 3000 nano-HPLC coupled to an LTQ-Orbitrap
ion trap mass spectrometer (ThermoFisher). Peptides were
identified using SEQUEST Version 28 searched against the
mouse (v3.45) and human (v3.56) International Protein Index
(IPI) protein sequence databases with an allowance for 114 Da
modifications on lysines indicative of ubiquitination. Scaffold
software (Proteome Software) was used to compile data.
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RESULTS
IFITM3 Is Polyubiquitinated with Lys-48 and Lys-63

Linkages—Although IFITM3has a predictedmolecularmass of
15 kDa,Western blot analysis showed additional highermolec-
ular mass IFITM3-specific bands (Fig. 1A). Large scale immu-
noprecipitation of murine HA-tagged IFITM3 (HA-IFITM3)
and mass spectrometry sequencing of the recovered peptides
from trypsin-digested gel slices revealed that these upper bands
were indeed IFITM3.Ubiquitinwas also selectively identified in
the upper bands (supplemental Fig. 1A), and one site of HA-
IFITM3ubiquitinationwas revealed on lysine 24 (supplemental
Fig. 1B). Anti-ubiquitin Western blot analysis of immunopre-
cipitated HA-IFITM3 further confirmed that IFITM3 is modi-
fied with one, two, and three ubiquitin molecules and is also
polyubiquitinated (Fig. 1A). Higher molecular weight IFITM3

species and positive anti-ubiquitin blots were also seen for
endogenous IFITM3 immunoprecipitated from MEFs and
DC2.4 cells (supplemental Fig. 1C). Confirming these observa-
tions, two recent global proteomic studies of ubiquitinated pro-
teins also identified ubiquitinated peptides from endogenous
IFITM3 (19, 20).
Sequence alignment of IFITM isoforms revealed that Lys-24

and three other lysine residues are highly conserved (Fig. 1B).
As ourmass spectrometry analysis did not preclude ubiquitina-
tion at lysines other than Lys-24, we generated individual lysine
mutants as well as IFITM3 mutants in which three of the four
lysines or all four lysines (Ub�) were mutated to alanine. The
analysis of these IFITM3 lysine mutants after immunoprecipi-
tation revealed that ubiquitination is most prevalent on Lys-24
but can also occur on Lys-83, Lys-88, and Lys-104 (Fig. 1C). The

FIGURE 1. IFITM3 is polyubiquitinated with Lys-48 and Lys-63 linkages. A, C, and D, HEK293T cells were transfected overnight with the indicated plasmids.
Immunoprecipitation was performed on cell lysates using �-HA agarose. A, Western blotting was performed using �-HA and �-ubiquitin (Ub) antibodies. B,
shown is alignment of human and mouse IFITM isoforms 1–3 using the ClustalV method. Conserved palmitoylated cysteines are highlighted in blue, and
conserved lysines are shaded red. C, Western blotting was performed using �-HA antibodies to visualize IFITM3 and ubiquitinated species. D, Western blotting
was performed using �-HA antibodies and antibodies specifically recognizing Lys-48- or Lys-63-linked ubiquitin chains (�-Lys-48 Ub and �-Lys-63 Ub). A, C, and
D, asterisks indicate modification with one, two, or three ubiquitin molecules. C and D, parentheses indicate the one lysine of four that is not mutated to alanine.
Ub� indicates mutation of Lys-24, Lys-83, Lys-88, and Lys-104 to alanine.
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complete loss of ubiquitinated bands visualized by Western
blotting could only be achieved when all four lysines were
mutated to alanine (Fig. 1C). The analysis of lysine mutants
using polyubiquitin linkage-specific antibodies showed that
IFITM3 is ubiquitinated with Lys-48 linkages on all four lysine
residues and most robustly on Lys-24 (Fig. 1D). IFITM3 is also
polyubiquitinated with Lys-63 linkages on Lys-24 and possibly
other lysines in the wild type protein (Fig. 1D).
Ubiquitination and S-Palmitoylation Regulate Distinct

Aspects of IFITM3 Activity—Extending our previous observa-
tion that HA-tagged IFITM3 constructs are S-palmitoylated,
we utilized metabolic incorporation of an alkynyl-palmitic acid
reporter (alk-16) followed by click chemistry labeling with
az-rho and in-gel fluorescence detection to show that endoge-
nous IFITM3 produced in IFN�-treatedMEFs is palmitoylated
(Fig. 2A). Next, we examined potential interplay between
palmitoylation and ubiquitination. Alk-16 labeling and fluores-
cence gel scanning along with Western blotting showed that
S-palmitoylation of IFITM3 can occur independently of ubiq-
uitination (Fig. 2B). Similarly, IFITM3 deficient in S-palmitoy-
lation (Palm�) (10) was effectively ubiquitinated (Fig. 2B), and
IFITM3 that is both ubiquitinated and S-palmitoylated can be
visualized by fluorescence gel scanning (Fig. 2B). Thus, these
modifications occur independently and are not mutually
exclusive.
Membrane fractionation of IFN�-treated MEFs revealed

that endogenous IFITM3 partitions to both cytoplasmic and
membrane fractions, unlike calnexin, a known transmembrane
protein, but like caveolin-1, which is well characterized to be an

intramembrane protein partially localized to the cytosol (21,
22) (Fig. 2C). Similarly, in HEK293T cells, we observed that
HA-IFITM3 is primarilymembrane-associated but is also pres-
ent in cytoplasmic fractions at lower levels (Fig. 2D). HA-IF-
ITM3-Ub� behaved similarly to HA-IFITM3, whereas the
Palm� mutant showed less partitioning into the membrane
fraction compared with WT protein (Fig. 2D). These data
demonstrate that IFITM3 has an inherent affinity for cellular
membranes that is ubiquitin-independent, but the addition
of hydrophobic S-palmitoylation enhances its membrane
partitioning.
Given our detection of IFITM3 modification by Lys-48-

linked polyubiquitin and that this is often associated with pro-
teasomal degradation, we analyzed turnover of wild type and
ubiquitination-deficient IFITM3. We took advantage of a non-
radioactive pulse-chasemethod utilizing an alkynylmethionine
surrogate, homopropargylglycine, and detection of labeled pro-
tein through click chemistry reaction with az-rho followed by
in-gel fluorescence scanning.We found that althoughwild type
HA-IFITM3 signal decayed during the 4-h chase period,
HA-IFITM3-Ub� signal was relatively stable (Fig. 2, E and F).
Interestingly, significantly less homopropargylglycine was
incorporated into the Ub� mutant compared with wild type,
indicating that its relative synthesis is slowed (Fig. 2E). This is in
agreement with similar overall levels of WT IFITM3 and Ub�
mutant being present in cells as measured byWestern blotting
and flow cytometry (supplemental Fig. 2, A and B) and may
suggest that a feedback mechanism exists regulating IFITM3
translation. Thus, although ubiquitination regulates IFITM3

FIGURE 2. Ubiquitination and S-palmitoylation of IFITM3 have distinct roles. A, MEFs were treated for 6 h with IFN� before an additional 2 h treatment with
IFN� and alkynyl palmitic acid reporter, alk-16, at 50 �M or DMSO as a control. Immunoprecipitated IFITM3 was reacted with az-rho via click chemistry and was
visualized by fluorescence gel scanning and �-IFITM3 Western blotting. B, D, E, and F, HEK293T cells were transfected overnight with the indicated plasmids.
Palm� indicates mutation of Cys-71, Cys-72, and Cys-105 to alanine. Ub� indicates mutation of Lys-24, Lys-83, Lys-88, and Lys-104 to alanine. B, transfected cells
were labeled with alkynyl-palmitic acid reporter, alk-16, for 2 h at 50 �M. Immunoprecipitated proteins were reacted with az-rho via click chemistry and
visualized by fluorescence gel scanning and �-HA Western blotting. MEFs treated with IFN� for 8 h (C) or transfected cells (D) were fractionated into membrane
and cytosolic compartments. �-Calnexin (CNX), �-GAPDH, and �-caveolin-1 (CAV1) Western blotting provided membrane, cytoplasmic, and intramembrane
controls, respectively, for blotting with �-IFITM3 or �-HA antibodies. E, transfected cells were labeled with homopropargylglycine (HPG; 250 mM) or alk-16 (50
�M) for 2 h followed by chase with media containing either 5 mM methionine or 100 �M palmitate, respectively, for the indicated times. Immunoprecipitated
proteins were reacted with az-rho via click chemistry and visualized by fluorescence gel scanning and �-HA Western blotting. F, shown are the average results
from four experiments performed as in D. Fluorescence signal was normalized to Western blots to control for protein loading, and values were plotted relative
to 0 h of chase. Error bars represent S.E.
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stability, the Ub� mutant is not observed at higher levels than
wild type protein. Concurrent with these protein stability
assays, we also performed a pulse-chase experiment using
alk-16 to determine whether S-palmitoylation of IFITM3 is
dynamic or irreversible. Interestingly, decay of alk-16-depen-
dent signal was nearly identical to the turnover of wild type
protein, suggesting that S-palmitoylation on IFITM3 is likely
stable (Fig. 2F).
Non-ubiquitinated IFITM3Localizes to EndolysosomalCom-

partments and Has Increased Antiviral Activity—Because
ubiquitination, particularly Lys-63-linked ubiquitin chains, can
control protein trafficking, we also evaluated the cellular local-
ization of the IFITM3 ubiquitinationmutant.We first analyzed
IFITM3 along with the ER protein, calreticulin, based on our
previous costaining studies with this marker (10) and other
reports of ER localization (8). Lysine mutants of HA-IFITM3
colocalized with calreticulin similarly to wild typeHA-IFITM3,
as represented by HA-IFITM3 K24A (Fig. 3). In contrast,
HA-IFITM3-Ub� showed a distinct distribution to a perinu-
clear site away from calreticulin positive regions (Fig. 3). As
human IFITM3 has also been reported to induce enlarged acid-
ified compartments that stain positive for endolysosomalmark-
ers (14), we evaluated whether ubiquitinated lysines influence
HA-IFITM3 targeting to these compartments. Indeed, GFP-
tagged LAMP1, Rab7, and Rab5 showed partial colocalization
with HA-IFITM3 that was dramatically enhanced with HA-IF-

ITM3-Ub� (Fig. 4A and supplemental Fig. 3). This colocaliza-
tion is specific to a subset of endocytic markers as GFP-CD9
showed some colocalization with IFITM3 but did not signifi-
cantly redistribute upon HA-IFITM3-Ub� expression (Fig. 4A
and supplemental Fig. 3). Interestingly, the distribution and
clustering of GFP-LC3, a marker of autophagosomes/autolyso-
somes, was significantly altered by HA-IFITM3 andmore so by
the Ub� mutant (Fig. 4A and supplemental Fig. 3), suggesting
engagement of the autophagy pathway by IFITM3. These
results are consistent with previous studies with human
IFITM3 (14) and suggest that non-ubiquitinated IFITM3
exhibits enhanced localization with LAMP1, Rab7, and Rab5
and possesses a stronger ability to induce LC3 clustering. Sim-
ilarly to transfected IFITM3, endogenous IFITM3 inMEFs also
localized with this panel of endolysosomalmarkers (Fig. 3B and
supplemental Fig. 4).
As IFITM3 has been shown to inhibit the influenza virus

infection process before virus/endosome fusion (14), antiviral
activity is determined by comparing rates of infection for con-
trol cells and cells either knocked down in IFITM3 expression
or overexpressing IFITM3 constructs (8–11). Infection rates
are assessed using quantitativemethods such as flow cytometry
and stainingwith virus protein-specific antibodies. The analysis
of IFITM3mutants deficient in S-palmitoylation or ubiquitina-
tion for activity against H1N1 influenza virus (type A, PR8
strain) infection confirmed that HA-IFITM3-Palm� has

FIGURE 3. Ubiquitination affects IFITM3 localization. HeLa cells were transfected overnight with empty vector or plasmids encoding the indicated IFITM3
constructs. Immunofluorescence with �-HA antibodies allowed IFITM3 visualization, and �-calreticulin staining allowed visualization of the ER. TOPRO-3 was
used to visualize nuclei. Scale bars indicate 10 �m. Ub� indicates mutation of Lys-24, Lys-83, Lys-88, and Lys-104 to alanine.
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decreased activity and revealed enhanced antiviral activity of
IFITM3-Ub� compared with HA-IFITM3 (Fig. 5). The
increased antiviral activity of the Ub� mutant was less pro-
nounced on the Palm� mutant background (Ub�/Palm�, Fig.
5) indicating that membrane interaction is still crucial even for
non-ubiquitinated IFITM3. Thus, S-palmitoylation and ubiq-
uitination provide opposing regulation of IFITM3 activity, and
taken together our data suggest that IFITM3 targeting to the
endolysosomal membrane is a critical determinant of antiviral
potency.
IFITM3 Induction of Autophagy Is Not Required for Anti-

influenza Virus Activity—Clustering of LC3 as seen in Fig. 4
upon expression of IFITM3 is a hallmark of autophagy induc-
tion (23). We confirmed that HA-IFITM3 expression indeed
induces the phosphatidylethanolamine modification of GFP-
LC3 that enhances its clustering upon induction of autophagy
and appears as a faster migrating band upon analysis by SDS-
PAGE (Fig. 6A). Likewise, the lipidated form of LC3 could be
elevated by the addition of chloroquine, indicating that
autophagic flux, i.e.maturation of IFITM3-induced autophago-
somes, is occurring (Fig. 6A). We thus hypothesized that virus

particles may be targeted to IFITM3-induced autophagosomes
for degradation and sought to determine whether or not the
canonical autophagy protein 5 (ATG5)-dependent pathway is
required for antiviral activity. To this end,we utilizedATG5�/�

MEFs that do not show lipidation of GFP-LC3 upon HA-IF-
ITM3 expression (supplemental Fig. 5A) and clustering ofGFP-
LC3 is drastically diminished even upon expression of HA-IF-
ITM3-Ub� (supplemental Fig. 5B). To test for antiviral activity,
we targeted IFITM3 with siRNA in ATG5�/� and ATG5�/�

MEFs (Fig. 6B). Knockdown of IFITM3 resulted in increased
infection rates for both WT and ATG5�/� MEFs, indicating
that ATG5-dependent autophagy is not required for IFITM3
anti-influenza virus activity (Fig. 6C). To further confirm this
finding, we overexpressed IFITM3 in WT and ATG5�/� cells.
Agreeing with our knockdown data, overexpression of IFITM3
resulted in a decreased infection rate for both WT and
ATG5�/� cells (Fig. 6D). Similarly, both cell types responded
normally in terms of decreased infection when treated with
IFN� (Fig. 6D), and alteration of the GFP-LAMP1-positive
compartment could still be observed in ATG5�/� MEFs
expressing HA-IFITM3-Ub� (Fig. 6E). These results demon-

FIGURE 4. Non-ubiquitinated IFITM3 localizes with endocytic and lysosomal markers. A, HeLa cells were transfected with empty vector or plasmids
encoding HA-IFITM3 or HA-IFITM3-Ub� along with the indicated GFP-tagged protein constructs. Immunofluorescence with �-HA antibodies allowed IFITM3
visualization (red), whereas GFP fluorescence was used to visualize endocytic proteins (green), and TOPRO-3 was used to visualize nuclei (blue). Ub� indicates
mutation of Lys-24, Lys-83, Lys-88, and Lys-104 to alanine. The scale bar indicates 10 �m. B, MEFs were transfected overnight with the indicated GFP-tagged
protein constructs, and media were replaced with or without 0.1 �g/ml IFN� for 8 h. Immunofluorescence was performed with �-IFITM3 antibodies (red). GFP
fluorescence was used to visualize endocytic proteins (green), and DAPI was used to visualize nuclei (blue). The scale bar indicates 10 �m.
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strate that ATG5-dependent autophagy is not required for
IFITM3 antiviral activity.
We next hypothesized that IFITM3, particularly its regula-

tion of the endolysosomal pathway, might offer resistance to
another intracellular pathogen, S. typhimurium. We thus
examined Salmonella infection levels in MEFs treated with
control or IFITM3 siRNA by flow cytometry. Although influ-
enza infection was significantly enhanced by the IFITM3
siRNA treatment when examined at 10 h post-infection, no
increase in Salmonella staining was observed at either 1 or 10 h
post-infection (supplemental Fig. 6). This demonstrated that
neither entry nor replication of Salmonella is restricted by
IFITM3 inMEFs. Overall, these results indicate that changes in
the endolysosomal pathway induced by IFITM3 specifically
inhibit virus infection and not entry or replication of the intra-
cellular bacteria S. typhimurium.
IFITM3 Is an Intramembrane Protein—IFITM3 is proposed

to be a dual-pass transmembrane protein with N and C termini
both facing the lumen of the ER or endolysosome (8, 10, 11, 14).
However, this topology model has not been conclusively estab-

lished, nor is it consistent with observations regarding IFITM3
biochemistry and localization. Several observations led us to
challenge the predicted topology of IFITM3. 1) Ubiquitination
of IFITM3 at Lys-24 (Fig. 1, A, C, and D) is not consistent with
its N-terminal lumenal orientation, as ubiquitin-conjugating
enzymes are only reported in the cytoplasm. 2) IFITM3 pos-
sesses two glycosylation motifs (Fig. 1B), one being at the N
terminus predicted to be lumenally localized, yet there has been

FIGURE 5. Ubiquitination negatively regulates antiviral activity of
IFITM3. A and B, HEK293T cells were transfected overnight with indicated
plasmids before a 6-h infection with influenza virus at a multiplicity of infec-
tion of 2.5 and analyzed by flow cytometry. Palm� indicates mutation of Cys-
71, Cys-72, and Cys-105 to alanine. Ub� indicates mutation of Lys-24, Lys-83,
Lys-88, and Lys-104 to alanine. A, cells expressing IFITM3 constructs were
analyzed for the percentage of cells that were infected using influenza-spe-
cific anti-NP antibodies. B, antiviral activity was calculated based on the dif-
ference in percentage of infection in HA-IFITM3-positive cells compared with
vector control with this value set at 100% antiviral activity. Error bars repre-
sent the S.D. of triplicate samples. p values were determined using Student’s
t test. Data are representative of more than five experiments.

FIGURE 6. IFITM3 antiviral activity is not dependent on induction of
autophagy. A, HEK293T cells stably expressing GFP-LC3 were transfected
overnight with vector control or HA-IFITM3. Cells were then treated with chlo-
roquine (CQ) at 40 �M or DMSO for 2 h. Cell lysates were analyzed by Western
blotting with �-HA, �-GFP, and �-GAPDH antibodies. B and C, ATG5�/� or
ATG5�/� MEFs were treated with control siRNA or siRNA targeting IFITM3 for
24 h. B, cell lysates were analyzed by Western blotting with �-IFITM3,
�-GAPDH, and �-ATG5. C, siRNA-treated cells were infected with influenza
virus at a multiplicity of infection of 2.5 for 6 h and analyzed by flow cytometry
for the percentage of infected cells. p values were determined using Student’s
t test. Results are representative of at least three experiments. D, ATG5�/� or
ATG5�/� MEFs expressing IFITM3-HA were infected with influenza virus at a
multiplicity of infection of 2.5 for 6 h and analyzed by flow cytometry for the
percentage of infected cells. Infection decrease is relative to control cells
expressing ZsGreen. Alternatively, wild type or knock-out cells were treated
with IFN� for 6 h before infection and analyzed by flow cytometry for the
percentage of infected cells. Decreased infection is relative to untreated cells.
Results are representative of two experiments. E, ATG5�/� or ATG5�/� MEFs
were transfected with LAMP1-GFP and the indicated IFITM3 constructs.
Immunofluorescence with �-HA antibodies allowed IFITM3 visualization
(red), whereas GFP fluorescence was used to visualize LAMP1 (green), and
TOPRO-3 was used to visualize nuclei (blue). The scale bar indicates 10 �m.
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no report of IFITM3 glycosylation in the ER. 3) Several IFITM
isoforms in various species have truncatedC termini thatwould
not support a complete transmembrane domain or have a
C-terminal CAAXmotif that would suggest cytoplasmic preny-
lation (24) (Fig. 1B). 4) Membrane fractionation of IFITM3
indicates that it is partially cytoplasmic and likely not a true
transmembrane protein (Fig. 2, C and D). 5) IFITM3 N-termi-
nal tags can be colocalized with lysosomal compartments (Figs.
4A and 6E), and HA-IFITM3 levels are not increased by inhib-
iting lysosomal acidification (Fig. 6A), suggesting that this non-
glycosylated protein is protected from degradation by facing
the cytoplasm rather than the lysosome lumen.
To evaluate the membrane protein topology of IFITM3 we

generated several constructs with N-linked glycosylation sites
in different regions of the protein for potential modification by
ER resident enzymes. Upon confirmation that WT IFITM3 is
indeed not glycosylated (Fig. 7B), we then engineered addi-
tional N-linked glycosylation sites at the N terminus (S38N),
predicted cytoplasmic loop (D92N), and C terminus (H136T).
Treatment of immunoprecipitated HA-IFITM3 with peptide
N-glycosidase F had no effect on the mobility of IFITM3
regardless of themutant tested, whereas a control protein, HA-
tagged mannose 6-phosphate receptor, known to be glycosy-
lated, showed a band collapse upon digestion of N-linked gly-
cans (Fig. 7B). Each of the glycosylation site insertion mutants
showed antiviral activity similar toWT IFITM3, demonstrating
these constructs are active and not significantly perturbed in
function (Fig. 7C). Thus, N-linked glycosylation site insertion
analysis does not support the predicted topology or an inver-
sion of the predicted topology but would be consistent with a
cytoplasmic-facing intramembrane topology (Fig. 7A).
In addition to accessibility of the IFITM3N terminus to cyto-

plasmic ubiquitin ligases (Fig. 1, A, C, and D ), we sought to
confirm that indeed both ends of the molecule were accessible
to cytoplasmic enzymes while retaining activity. We reasoned
that insertion of anN-terminal myristoylationmotif and C-ter-
minal CAAX box would allow us to assess accessibility of the
termini to cytoplasmic myristoyl and prenyl transferases,
respectively (Fig. 7A). Concurrently, if modified, these irrevers-
ible lipid modifications would tether the protein ends to the
cytoplasmic face of the membrane bilayer similar to the alter-
native topology we propose (Fig. 7A). We thus added an N-ter-
minal glycine-containingmyristoylatedmotif from theHIV gag
protein (GARASVLS) as well as a C-terminal prenylation site
from RhoA (CLVL) to our S-palmitoylation-deficient HA-IF-
ITM3 construct. Using chemical reporters developed and vali-
dated for the study of myristoylation (alk-12) (25, 26) and pre-
nylation (alk-FOH) (27, 28), we confirmed that the G-HA-
IFITM3-Palm�-CLVL construct is both myristoylated and
prenylated (Fig. 7D). This construct maintained calreticulin
colocalization (supplemental Fig. 7) similarly to wild type
IFITM3 (Fig. 3). Importantly, the diffuse staining reported for
HA-IFITM3-Palm� (10) was not observed, and G-HA-IF-
ITM3-Palm�-CLVL showed largely overlapping localization
when comparedwith amyc-taggedWT IFITM3 (Fig. 7E). Like-
wise, in membrane fractionation assays, these irreversible lipid
modifications rescued themembrane partitioning of the Palm�
mutant to a membrane:cytoplasmic ratio similar to the WT

protein (Fig. 7F).We next tested whether the tethering of the N
and C termini to the cytoplasmic face of the membrane would
affect antiviral activity and discovered that these modifications
also rescued the anti-influenza virus activity of the Palm�
mutant (Fig. 7G). Thus both termini of active IFITM3 face the
cytoplasm and the inherent membrane affinity of IFITM3 is
likely due to intramembrane domains rather than transmem-
brane domains as had been postulated.

DISCUSSION

The characterization of IFITM3 S-palmitoylation and ubiq-
uitination reveals important modes of posttranslational regula-
tion and provides further insight into the mechanism of antivi-
ral activity for this family of IFN effectors. Our discovery of
IFITM3 ubiquitination (Fig. 1) and analysis of a ubiquitination-
deficient mutant (Figs. 4 and 5) provide support for a model in
which virus infection is restricted by an alteration of the endoly-
sosomal compartment and reveal a novel layer of regulation for
this antiviral process. The lysine-less mutant of IFITM3 exhib-
its enhanced localization with endolysosomal markers (Figs. 3
and 4) and increased antiviral activity associatedwith enhanced
rearrangement of this compartment (Fig. 5). The possibility
also remains that modifications in addition to ubiquitination,
such as lysine acetylation or a lysine-based sorting signal, may
contribute to the antiviral activity of IFITM3. S-Palmitoylation-
deficient IFITM3 has a distinct phenotype with decreased
membrane affinity and dampened activity (Figs. 1 and 5) (10).
These results suggest that non-ubiquitinated and S-palmitoy-
lated IFITM3 represent the most active protein population for
sequestration and degradation of incoming virus particles.
The discovery of IFITM3 ubiquitination may also resolve

some conflicting observations and raises interesting questions
regarding protein to vesicle targeting mechanisms. Initial
reports showed that IFITM3 colocalizes with ER markers (8,
10) and that it may be targeted to the plasmamembrane (8), but
recent studies suggest it is primarily associated with endocytic
markers (11, 14). The fact that wild type IFITM3 is dually post-
translationally modified and likely exists as a heterogeneous
protein population may explain these potentially disparate
observations. Nonetheless, our results clearly demonstrate that
non-ubiquitinated and S-palmitoylated IFITM3 is intracellular
and is enriched in endolysosomal compartments. IFITM3 has
also been suggested to induce the formation of acidic autolyso-
somal compartments (14). Our results confirm that autophagy
is indeed induced by IFITM3 expression (Figs. 4 and 6A), yet
canonical ATG5-mediated autophagy induction is not required
for IFITM3 antiviral activity (Fig. 5). Formation of autolyso-
somes in IFITM3-expressing cells may be a downstream effect
of alterations in endolysosomes. It remains to be determined if
IFITM3 plays a role in starvation or drug-induced autophagic
processes.
Our data examining posttranslational modification of

IFITM3 also challenge the predicted dual-pass transmembrane
topology of IFITM3 in which N and C termini face into the ER
and endosome/lysosome lumen (8, 12, 24). Unlike true trans-
membrane proteins, a portion of IFITM3 fractionates with
cytoplasmic proteins andmembrane association is enhanced by
S-palmitoylation (Figs. 2, B and C, and 7F). This fractionation
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pattern is similar to what has been observed for the palmitoy-
lated intramembrane protein caveolin (21). In addition to its
membrane localization, caveolin exists in a cytoplasmic heat
shock protein complex that delivers cholesterol from the ER to
caveolae (21). A similar complex may exist to stabilize IFITM3
hydrophobic domains in the cytoplasm. Further evidence for an
alternative IFITM3 topology came from studying ubiquitina-

tion. The lumenal orientation of Lys-24 is not compatible with
the cytosolic localization of the ubiquitin conjugation machin-
ery. Analysis of IFITM3 glycosylation or lack thereof at the N
terminus, central cytoplasmic region, and C terminus demon-
strated that none of these domains are exposed to ER glycosyl-
ation machinery. Likewise, adding myristoylation and prenyla-
tion sites that would tether the N and C termini to the

FIGURE 7. IFITM3 is a cytoplasm-facing intramembrane protein. A, potential topologies for IFITM3 or a myristoylated and prenylated IFITM3 mutant are
shown. B, HEK293T cells were transfected with plasmid expressing HA-tagged mannose 6-phosphate receptor (M6PR-HA) and the indicated HA-IFITM3
constructs. HA-tagged proteins were immunoprecipitated, and samples were split in two for mock treatment or treatment with peptide N-glycosidase F
(PNGase F) for 1 h. Western blotting with �-HA antibodies demonstrates that IFITM3 does not undergo a band shift characteristic of glycosylation. C, HEK293T
cells expressing IFITM3 constructs were analyzed for the percentage of cells that were infected. Antiviral activity was calculated based on the difference in
percentage of infection in HA-IFITM3-positive cells compared with vector control with this value being set at 100% antiviral activity. D, HEK293T cells were
transfected overnight with the indicated plasmids. Cells were labeled with alkynyl-myristoylation (alk-12) or alkynyl prenylation (alk-FOH) reporters for 4 h at
50 �M. Immunoprecipitated proteins were reacted with az-rho via click chemistry and visualized by fluorescence gel scanning and �-HA Western blotting. E,
HeLa cells were transfected with the indicated plasmids and visualized with �-HA (red) and �-myc (green) antibodies as well as TOPRO-3 (blue) for staining
nuclei. The scale bar indicates 10 �m. F, HEK293T cells were transfected with the indicated IFITM3 constructs overnight and fractionated into cytoplasmic and
membrane compartments. �-Calnexin (CNX) and �-GAPDH Western blotting provided membrane (M) and cytoplasmic (C) controls, respectively, for blotting
with �-HA antibodies. Numbers below the blots indicate the percentage of HA signal in that fraction for each IFITM3 construct. G, HEK293T cells expressing
IFITM3 constructs were analyzed for the percentage of cells that were infected. Antiviral activity was calculated based on the difference in percentage of
infection in HA-IFITM3-positive cells compared with vector control with this value being set at 100% antiviral activity. Palm� indicates mutation of Cys-71,
Cys-72, and Cys-105 to alanine.
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cytoplasmic face of membranes rescued the antiviral activity of
an IFITM3 palmitoylation-deficientmutant. These results sup-
port a topology model in which the protein termini are both
intracellular, and membrane association occurs via intramem-
brane domains.
Examination of the literature regarding proteins with

intramembrane domains, such as caveolins (29), reticulons
(26), flotillins (30), stomatin (31), and podocin (32) also indi-
cates that S-palmitoylation adjacent to these domains is a com-
mon feature, likely facilitatingmembrane targeting or insertion
similarly to S-palmitoylation on IFITM3 (Fig. 2C). This unpre-
dicted topology offers insight into the biology of IFITM3 and
offers new hypotheses for mechanisms of antiviral action as
intramembrane domains are generally associatedwith inducing
membrane curvature through insertion into only one leaflet of
the lipid bilayer, thereby producing membrane bending by vir-
tue of the bilayer-couple effect (33). A recent bioinformatics
study has suggested that IFITMs make up a larger family of
proteins with dual-pass transmembrane segments than was
previously appreciated (34). These authors provide a phyloge-
netic model indicating that IFITMs emerged in a common
ancestor of choanoflagellates andmetazoa likely through a hor-
izontal gene transfer from bacteria. However, the authors of
this study also propose that this ancient and expanding family
of proteins be termed dispanins for their two putative trans-
membrane-spanning segments. Given data indicating that
IFITM3 is an intramembrane protein (Fig. 7), dysspaninmay be
a more appropriate moniker for this family, although a nomen-
clature change in general is premature until the topology of
additional IFITM family members can be ascertained.
IFITM3 modulation of endocytic compartments and post-

translational regulationmay also be important for other poten-
tial functions of IFITM isoforms as well as immune evasion by
pathogens. For example, IFITMs have been implicated in tissue
development, cell survival, and oncogenesis (35–39). In partic-
ular, IFITM3 distinguishes developing germ cells from neigh-
boring somatic cells (36) and has been used for germ line stem
cell purification (40). However, the function of IFITM3 in this
cell type remainsmysterious asmice lacking all IFITM isoforms
possess normal germ cells and are fertile (41). Additionally,
some tumor types exhibit elevated levels of IFITM3 as com-
pared with normal tissues (38, 39), but the role of IFITM3 in
tumor progression is unknown. Identification of cellular path-
ways that modulate IFITM3 activity or posttranslational mod-
ifications may provide important insight into these areas.
Finally, as the mechanisms by which IFITM3 inhibits infection
and is regulated become increasingly clear, this knowledge
should facilitate the discovery of pathogen immune evasion
strategies and inspire the development of new antivirals.
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